Hemoglobin (Hb) is the heme-containing O 2 transport protein essential for life in all vertebrates. The resting high-spin (S = 2) ferrous form, deoxy-Hb, combines with triplet O 2 , forming diamagnetic (S = 0) oxy-Hb. Understanding this electronic structure is the key first step in understanding transition metal-O 2 interaction. However, despite intense spectroscopic and theoretical studies, the electronic structure description of oxy-Hb remains elusive, with at least three different descriptions proposed by Pauling, Weiss, and McClureGoddard, based on theory, spectroscopy, and crystallography. Here, a combination of X-ray absorption spectroscopy and extended X-ray absorption fine structure, supported by density functional theory calculations, help resolve this debate. X-ray absorption spectroscopy data on solution and crystalline oxy-Hb indicate both geometric and electronic structure differences suggesting that two of the previous descriptions are correct for the Fe-O 2 center in oxy-Hb. These results support the multiconfigurational nature of the ground state developed by theoretical results. Additionally, it is shown here that small differences in hydrogen bonding and solvation effects can tune the ground state, tipping it into one of the two probable configurations. These data underscore the importance of solution spectroscopy and show that the electronic structure in the crystalline form may not always reflect the true ground-state description in solution.
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H emoglobin (Hb) is the iron-containing heme protein essential for oxygen transport in all vertebrates. The protein is an assembly of four globular subunits, each containing a heme B (protoporphyrin IX group) (1) . The first characterization of Hb was done in the mid-1800s (2, 3) , with the magnetic properties first elucidated in early 1900s. Later, Pauling and Coryell (4) showed that whereas resting venous Hb is paramagnetic, the oxygenated arterial form (oxy-Hb) is diamagnetic in nature. The first structure determination (X-ray diffraction) was done by Perutz et al. (5) in 1960, who was awarded the Nobel prize for this work. In 1974, the geometry of O 2 binding was shown to be end-on η 1 -Fe-O 2 , based on X-ray diffraction data on a biomimetic model complex (6) , which was later confirmed by diffraction data on oxyHb. However, the debate over the electronic structure of O 2 binding in Hb and the nature of the Fe-O 2 bond continues today.
Although the diamagnetic nature of oxy-Hb has been described by several different models, three have persisted. Starting from deoxy-Hb (Fe 2+ , S = 5/2) and O 2 (neutral, S = 1) and using a valence bond theory, Pauling proposed that the oxy-Hb is a Fe 2+ , S = 0 system that accepts one lone pair from the sp 2 hybridized O 2 , forming a dative bond (Scheme 1) (7). The Weiss model involves one-electron reduction of O 2 by the ferrous heme in deoxy-Hb (8) , which leads to antiferromagnetic coupling between the Fe 3+ (S = 1/2) and O (14) . X-ray absorption spectroscopy (XAS) studies have focused on the position of the iron in the plane of the heme, with only qualitative assignments of oxidation state (15) (16) (17) (18) .
In this study, quantitative Fe K-edge XAS and density functional theory (DFT) calculations have been used to evaluate the electronic structure of oxy-Hb in conjunction with data on synthetic model complexes that have been used as references for the Pauling, Weiss, and Ozone descriptions. Additionally, Fe K preedge analysis has been performed using time-dependent DFT (TD-DFT) calculations, and data from oxy-Hb crystal structures have been evaluated and correlated to the literature rR data. Finally, XAS data on crystalline oxy-Hb have been analyzed to understand the electronic structure differences in solution and crystal forms.
Results and Discussion
A comparison of the Fe K rising-edge data for deoxy-, aquamet-, and oxy-Hb is given in Fig. 1A along with the corresponding UV-
Significance
The electronic structure of oxyhemoglobin has been under intense scrutiny since the geometric structure of this bent, endon bound Fe-O 2 species was first determined over three decades ago, but a consensus description has not yet been reached. Here, solution and crystalline X-ray absorption spectroscopies have been combined with time-dependent density functional theory calculations to demonstrate the dominantly Fe (ferric-superoxide) character of solution oxyhemoglobin. It is also shown that, in crystallo, a dominantly Fe visible data (Fig. 1A, Inset) (19) . Typically, the rising-edge energy positions of transition metal K-edges have been used as signatures of the oxidation state of the absorbing metal center (20) . As the positive charge on the metal center increases (e.g., Fe
2+
to Fe 3+ ), the edge shifts to higher energy owing to an increase in Z eff . The energies (based on the first inflection points in Fig. 1B ) occur at 7,117.5, 7,121.7, and 7,121.3 eV for deoxy-, aquamet-, and oxy-Hb, respectively ( Table 1 ) and show that oxy-Hb is shifted ∼2 eV higher in energy relative to deoxy-Hb and is more aligned with ferric aquamet-Hb. Using this accepted method of oxidation state assignment, the data point to a Fe 3+ Z eff in oxyHb. However, this method ignores the potential effects of spinstate on the absorbing atom and the rising-edge energy position. Note that in most literature examples, the spin-state is frequently not considered when oxidation state assignments are made based on rising-edge positions (17, 21) . This is important, because deoxy-Hb is a high-spin ferrous (Fe 2+ , S = 2) system and aquamet-Hb is a high-spin ferric (Fe 3+ , S = 5/2) system, neither of which correspond to the iron center in the three proposed electronic structures of oxy-Hb. ), these data show a ∼2-eV spread in energy position. This is an important observation because a ∼2-eV edge-shift has been commonly attributed to a change in Z eff (17, 21 Fig. 2 also shows that the energy shift does not increase linearly with spin-state (observed trend: S = 1 < S = 0 < S = 2). This, too, is counterintuitive to conventional wisdom, which suggests that because the 6-coordinate low-spin [Fe(TPP)(Py) 2 ] (SI Appendix, Scheme S1) has the lowest Z eff on Fe owing to charge donation from the strongly coordinating ligands, and because the rising-edge typically shifts to higher energy with increase in Z eff , [Fe(TPP)(Py) 2 ] should have the lowest rising-edge energy position. In reality, [Fe(TPP)(Py) 2 ] has the highest energy edge position.
The solution to this inconsistency was obtained by applying Natoli's rule (22) to these three reference complexes, which says that given comparable systems, the rising-edge energy position is related to the average bond distance by Hmet, hydroxymet. † Measured at the first inflection-point energy. ‡ Intensity-weighted average energy position (resolution ± 0.1 eV, precision > ± 0.05 eV). § Calculated as peak-height × half width and scaled by 10 2 (error ∼5%).
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Error in integrated area is higher owing to poor data quality. , S = 0) are good references for these electronic structure descriptions, respectively, from both an oxidation and spin-state perspective (SI Appendix, , S = 1/2), was chosen for comparison with oxy-Hb. Note also that because the bond distances do not change significantly between hydroxymet-and aquametHb, following Natoli's rule, the edge energies are very comparable (∼0.2-eV difference, Table 1 ). Similar trends in edge energy positions have also been observed in myoglobin (23) . Based on the similarity of the rising-edge energy positions of oxy-Hb, [Fe (TPP)(Py) 2 ], and hydroxymet-Hb, Fe K rising-edge analysis cannot distinguish between the Pauling and Weiss models.
Fe K Pre-Edge Analysis. In contrast to the dipole-allowed Fe Kedge, the pre-edge feature at the onset of the rising-edge is a weak electric dipole-forbidden but quadrupole-allowed 1s → 3d transition. The pre-edge intensity and energy positions are affected by ligand field strength, site symmetry, and oxidation state, all of which have been widely applied to interrogate these properties (20, 24) . A comparison of the Fe K pre-edge for oxyHb with that of [Fe(TPP)(Py) 2 ] and hydroxymet-Hb is shown in In recent years, core-level TD-DFT calculations have been successfully used to simulate Fe K pre-edges (25) . To further probe the electronic structure of oxy-Hb and understand the preedge shifts reported above, DFT and TD-DFT calculations were combined with the pre-edge analysis method developed by Westre et al. (20) . DFT calculations were first spectroscopically calibrated using experimental Fe-O and O-O distances as evaluating metrical parameters. To this end, a high-k (k = 15 Å -1 ) extended X-ray absorption fine structure (EXAFS) analysis was performed on oxy-Hb using the full multiple scattering approach implemented in FEFF (26) (27) (28) . The nonphase shift-corrected Fourier transform and the corresponding EXAFS data (Inset) are presented in SI Appendix, Fig. S2A , with fit parameters given in SI Appendix, Table S1 . The best fit shows that the first shell contains five Fe-N at 2.00 Å and one Fe-O at 1.83 Å. DFT geometry optimizations were then performed on the oxyHb active site using a truncated heme center with axial imidazole ligands (SI Appendix, Fig. S3 ). Because rR data suggest that the first-sphere hydrogen bonding (H-bond) plays a key role in stabilizing the oxy-adduct electronic structure (13), a histidine group H-bonded to O 2 was included in the distal pocket, and a water molecule mimicking the glutamine H-bond to the axial histidine was included in the proximal pocket (SI Appendix, Fig. S3C ). Using the BP86 functional, CP(PPP) and TZVP basis sets on Fe and the other atoms, respectively, an Fe-O bond distance of 1.83 Å and an O-O distance of 1.32 Å were obtained, which are in excellent agreement with the experiment.
The spectroscopically calibrated level of DFT determined above was next used to quantitatively calculate the Fe K preedge region of oxy-Hb, hydroxymet-Hb, and [Fe(TPP)](Py) 2 . The excellent agreement between experiment and theory ( Fig.  3 A and C and SI Appendix, Table S2 ) point to the accuracy of DFT calculations and show that theory can successfully predict the expected energy shift from Fe 2+ (S = 0) to Fe 3+ (S = 1/2). TD-DFT calculations also predicted a low-energy feature in both oxy-Hb and hydroxymet-Hb. For hydroxymet-Hb, this feature is close to the more intense higher-energy pre-edge feature and is not observed when the appropriate broadening is applied. In contrast, in oxy-Hb this feature is clearly observed (Fig. 3D) .
The TD-DFT results were then correlated to experimental Fe K pre-edge data using the method developed by Westre et al. (20) (SI Appendix, Fig. S4 and Table S3 ) The pre-edge of solution oxy-Hb was fit using pseudo-Voigt line-shapes. As is clearly seen, the pre-edge for solution oxy-Hb requires two pseudoVoigts to adequately fit the data. These occur at 7,111.3 eV and 7,113.7 eV, respectively, and are in good agreement with the theoretical TD-DFT results. TD-DFT also reveals that the lowenergy feature is primarily due to transitions from Fe 1s to the spin-polarized α and β lowest unoccupied molecular orbitals (LUMO), which have dominantly Fe 3d yz + O 2 (π*) character, or, in other words, into states made available by the presence of Pre-Edge Differences in Crystalline Oxyhemoglobin. Fe K-edge XAS studies were also performed on isotropic crystalline oxy-Hb to investigate electronic structure differences in the crystalline phase. The Fe K rising-edge data for solution and crystalline oxyHb along with those of deoxy-Hb are presented in Fig. 4 (inset shows the expanded near-edge region). The data were closely monitored for photoreduction and successive scans were compared before inclusion in the Fe K-edge and pre-edge analysis presented herein (SI Appendix, Figs. S5 and S6, respectively). In the past, the near-edge region for heme-containing systems has been successfully interrogated using the multiple scattering code MXAN for structural information (18, 23) . These studies have shown that the near-edge spectral differences can be attributed to ligand binding, and that the spectral shape is closely related to geometric structure. The near-edge data for solution and crystalline oxy-Hb were fit with MXAN and the results indicate an intact O 2 -bound heme site in both systems (SI Appendix, Fig. S7 and associated text). Fig. 4B shows the expanded Fe K pre-edge region presented in Fig. 4A . On going from solution to the crystalline form, the two features at 7,111.3 and 7,113.7 eV are replaced by a single feature at 7,112.3 eV, with a decrease in total intensity (SI Appendix, Table S3 and Fig. S4 ). This is surprising because the geometries, spin-states, and ligand-field strengths are expected to be very similar in the two phases. Thus, any difference in the pre-edge is expected to arise from change in Fe Z eff (effective nuclear charge), or, in other words, configurational makeup leaning toward the Pauling (Fe Fig. S8 , respectively, show pseudo-Voigt fits) and supports an electronic structure rearrangement in crystalline oxy-Hb. Interestingly, the Fe K pre-edge of crystalline oxy-Hb (single pre-edge feature) is analogous to data from biomimetic model complexes (21) . In a recent study (31) , some of us also showed that these model complexes have a dominant Fe 2+ , S = 0 character, supporting our assignment here for the crystalline oxy-Hb data.
The electronic structure of crystalline oxy-Hb developed above is also supported by protein crystallography data. 2 Þ descriptions, shows that the protein exhibits substantial electronic structure differences between solution and crystalline forms, and unifies experiment with the recent quantum mechanics/molecular mechanics (QM/MM) and complete active space self-consistent field (CASSCF) theoretical study in which Shaik and coworkers (11) investigated the effect of the protein environment on the electronic structure of oxy-myoglobin (oxy-Mb). They showed that the ground state of oxy-Mb can be best described as a multiconfigurational wavefunction with both Fe
and Fe 2+ -O 2 character, where inclusion of protein-related effects and a reasonably large MM component favors the Weiss model, whereas gas-phase calculations lead to the Pauling model (32) . This result is consistent with the experimental result presented here on solution oxy-Hb, but different from that of crystalline oxy-Hb. Because QM/MM calculations reasonably mimic the protein environment, this raises an interesting issue. Is it possible that theory, even at the QM/MM level, cannot accurately describe such a multiconfigurational problem? Note that the 1.29-Å O-O distance obtained by QM/MM is still larger than the 1.23-Å X-ray diffraction distance. This points to electronic structure differences in the crystal compared with those obtained from theory (11) . However, it is also possible that differences between oxy-Mb and oxy-Hb result in the differences observed in this study between crystalline oxy-Hb and the QM/MM study on oxy-Mb. Nevertheless, both point to an interesting idea, that the electronic structure of Hb-O 2 lies in the multiconfigurational continuum between pure Fe 3+ −O · − 2 and Fe 2+ -O 2 character, and that secondary changes in the protein environment, crystal packing, and so forth, can tip the electronic structure in either direction (Scheme 2).
To assess this theory, a series of additional DFT calculations were performed to test the protein environment (H-bonding, first-shell ligands, and solvation effects; SI Appendix, Table S4 ).
These calculations resulted in a progressive shortening of the O-O bond distance as the solvation and H-bonding effects were removed (1.323 to 1.285 Å), approaching, but not quite reaching the crystallographic average of 1.23 Å. Thus, it is likely that in the crystalline form the lower dielectric constant and a weaker H-bonding interaction shift the electronic structure toward the Fe 2+ -O 2 bonding description. Other effects, such as change in heme ring ruffling, could further modulate the electronic structure in the solution vs. the crystal. These calculations also show that the Fe-O bond changes from 1.83 to 1.76 Å (models 1 and 2, SI Appendix, Fig. S10 and Table S4) -O 2 in nature and do not correctly describe the protein electronic structure because they lack the correct hydrogen bonding and protein effects.
Electronic Structure Estimation from Crystallography. In recent years, high-intensity synchrotron sources have been used for X-ray diffraction measurements on biological macromolecular systems. This has revolutionized protein crystallography, resulting in an exponential increase in the number of deposited crystal structures in the Protein Data Bank (RCSB). However, the success of synchrotron sources comes with the disadvantage of X-ray beam-related damage to the biomolecule, resulting in changes in the diffraction pattern, and among other things the breaking of selected macromolecule bonds, caused by X-ray-generated radicals. This effect is even greater in metalloproteins that undergo beam-related photoreduction of the metal site, leading to geometry and oxidation state changes (34, 35) . Hence, these measurements may not represent the true system in solution. Additionally, not much focus has been put on studying geometric and electronic structure differences in crystalline vs. solution phases. This study brings to light an important example in which the protein phase has a strong effect on tuning the electronic structure of the metal-active site in a metalloprotein and leads to inherent differences between solution and in crystallo spectroscopy. This emphasizes the importance of solution structure determination techniques, such as EXAFS, in understanding the geometry and electronic properties of the active site. -O 2 ground state (S = 0 on Fe). These results support the multiconfigurational description of oxy-Hb proposed by theory. DFT calculations show that small changes in H-bonding, along with other effects such as crystal-packing forces and heme ruffling, may also alter the configurational composition. Finally, this study reconciles the differences between crystallography and solution rR studies on the O-O bond distance in oxy-Hb and brings to light the important role of the protein phase in tuning the electronic structure of a multiconfigurational system.
Conclusions

